Good genes models of sexual selection assume that sexual advertisement is costly and thus the level of advertisement honestly reveals heritable viability. Recently it has been suggested that an important cost of sexual advertisement might be impairment of the functioning of the immune system. In this field experiment we investigated the possible trade-offs between immune function and sexual advertisement by manipulating both mating effort and activity of immune defence in male pied flycatchers. Mating effort was increased in a non-arbitrary manner by removing females from mated males during nest building. Widowed males sustained higher haematocrit levels than control males and showed higher expression of forehead patch height, suggesting that manipulation succeeded in increasing mating effort. Males that were experimentally forced to increase mating effort had reduced humoral immune responsiveness compared with control males. In addition, experimental activation of immune defence by vaccination with novel antigens reduced the expression of male ornament dimensions. To conclude, our results indicate that causality behind the trade-off between immune function and sexual advertisement may work in both directions: sexual activity suppresses immune function but immune challenge also reduces sexual advertisement.
INTRODUCTION
Recently, an important role for the immune system in the evolution and maintenance of secondary sexual characters has been suggested (see Sheldon & Verhulst 1996; Westneat & Birkhead 1998) . The hypothesis of Hamilton & Zuk (1982) of parasite-mediated sexual selection assumes that fluctuating challenge of parasites may maintain heritable variation in parasite defence and hence in fitness, and this variation may be translated into male ornamentation. Additionally, it has been proposed that owing to different costs of immune defence, animals may have to trade-off the efficiency of their immune defence against sexual advertisement. The immunocompetence handicap hypothesis suggests that a trade-off between immunocompetence and ornamentation is a direct consequence of the immunosuppressive effect of testosterone (Folstad & Karter 1992) . In insects, juvenile hormone may play a similar role (Rolff & Siva-Jothy 2002) . Tradeoff between immunocompetence and ornamentation may also arise in the absence of direct effects of sex hormones if maintenance and functioning of the immune system and the production and maintenance of secondary sexual characters compete for the same resources (Wedekind & Folstad 1994 ). Only males with superior genes for condition or defence, or both, can afford to allocate resources to large ornaments including sexual display.
Trade-offs between ornamentation and immune function have been tested experimentally, most often indirectly by manipulating testosterone levels, and evidence of their effect on immunocompetence is ambiguous (Ros et al. 1997; Hasselquist et al. 1999; Duffy et al. 2000; Evans et al. 2000) . Saino & Moller (1996) instead manipulated ornament size in the barn swallow (Hirundo rustica). Males with experimentally elongated tail feathers during the mating season had lower humoral immune response than both control males and males with reduced tail length. Moreover, males with naturally long tail feathers were better able to cope with the costs of elongation of feathers. There are only a few studies on immunological costs of sexual advertisement where the display activity has been manipulated in a non-arbitrary manner. Such experiments are extremely valuable, since this approach allows males themselves to make the choice of increasing their display effort. In drosophila (Drosophila melanogaster), males exposed to more females showed reduced immunocompetence (McKean & Nunney 2001) . Likewise, collared flycatcher (Ficedula albicollis) males which were experimentally forced to establish a second territory by blocking their nest-box soon after mating, showed reduced humoral immune response later in the breeding season (Andersson 2001) .
Trade-offs between the immune function and different life-history traits without direct effects of parasites have been studied experimentally by challenging the immune system with killed harmless pathogens (Williams et al. 1999; Ilmonen et al. 2000; Råberg et al. 2000) . However, there are no previous studies where the relationship between sexual advertisement and immune function would have been studied by manipulating some aspect of immune function in wild birds. In this study, we applied the immune challenge technique for male pied flycatchers during the mating season. Pied flycatcher males have a conspicuous white forehead patch (Lundberg & Alatalo 1992) which is sexually selected as indicated by studies in Spain (Potti & Montalvo 1991) . Interestingly in the sibling species, the collared flycatcher (F. albicollis), the similar sexually selected white forehead patch shows phenotypic plasticity both between and within years. Conditions experienced in the previous year affect the expression of the patch in the next year (Gustafsson et al. 1995; Griffith & Sheldon 2001) . The size of the forehead patch shows plasticity also within the breeding season, being largest during the mating season and becoming smaller during the nestling feeding period.
In this study, we investigated the trade-offs between the immune function and sexual advertisement by experimentally manipulating both the mating effort and the activity of immune function in male pied flycatchers. Thus, we can test the trade-off in both directions, including the effects of immune defence on sexual display. We removed females from mated males early in the mating season to force males to continue sexual activities. As a measure of sexual advertisement we used the change in the expression of white forehead patch.
MATERIAL AND METHODS
The experiment was carried out in Central Finland, at Konnevesi Research Station (62°37Ј N, 26°20Ј E). The pied flycatcher is a migratory small passerine wintering in sub-Saharan Africa. In the northern breeding grounds the mating period is very short, only 2-3 weeks. All males were captured during the nest building period shortly after mating in May 2002. We did not capture the earliest males, because the probability of polygynous mating is high in early breeders (Lundberg & Alatalo 1992) , and we wanted to minimize the confounding effect of different mating status of males. All males were colour ringed for individual recognition. Blood samples were taken in a microcapillary from the brachial vein. Microcapillary tubes were centrifuged at 12 000 r.p.m. for 5 min to estimate the haematocrit which is the volume of red blood cells in relation to the whole volume of blood. Plasma was stored at below Ϫ20°C for measuring antibody levels. We also measured maximum forehead patch width and height, body mass and tarsus length.
We experimentally manipulated mating effort by removing females from newly mated males. Females were transferred 20 km away from their territories, a distance that is known to be far enough for females not to return to their mates (Alatalo et al. 1986 ). Experimental males were kept unmated until the second capture by removing any subsequent females. Control males were also measured and blood sampled but they were allowed to keep their mates. As the second treatment, random half of the males within both groups were injected with 100 µl of diphtheria-tetanus vaccine (Finnish National Public Health Institute, diphtheria 38 Lf (limit of flocculation) and tetanus 10 Lf, mixed with adjuvant aluminium phosphate at 1.0 mg ml Ϫ1 ) in the pectoral muscle. The other half was injected with the same amount of 0.9% NaCl solution. By using a nonpathogenic antigen we were able to study the cost of mounting immune response without confounding direct effects of infectious organism. In previous studies on blue tits (Parus caeruleus) there is no evidence that diphtheria-tetanus vaccination would have any toxic effects or effect on survival (Råberg et al. 2000) . All males were recaptured 10-15 days after the first capture at the peak of the primary antibody response and were measured and blood sampled for haematocrit and antibody production.
As a measure of forehead patch expression we used maximum width and maximum height. In Central and Northern Europe male forehead patch is highly variable in shape (Lundberg & Alatalo 1992 ). Three different forms can be separated: rectangular, Proc. R. Soc. Lond. B (2004) a patch divided into two dots or combination of both (heart shaped). Owing to the variability in the shape of the forehead patch in our study population, we did not calculate the forehead patch area from simple measures of width and height. To estimate the effects of two experimental treatments on both forehead patch dimensions simultaneously in the same model we used MANOVA where relative change in patch height (height at second capture/height at first capture) and width (width at second capture/width at first capture) were dependent variables and two experimental treatments as independent variables.
Specific antibodies against diphtheria and tetanus were measured using ELISA. ELISA plates (Cliniplate EB, Thermolabsystems, Helsinki, Finland) were first coated with antigens (diphtheria or tetanus toxoid, National Public Health Institute, Helsinki, Finland). Samples and standards were added to the wells and incubated for 3 hours at room temperature. After washing the plates, alkaline phosphatase conjugated anti-chicken IgG (A-9171, Sigma Chemical Co., St Louis, MO, USA) was added to the wells and incubated overnight at 4°C. Finally, alkaline phosphatase substrate PNPP ( p-nitrophenyl phosphate, Sigma 104 phosphatase substrate, Sigma Chemical Co.) in 1 M diethanol amine buffer (1 mg ml -1 ) was applied. The plates were read repeatedly in an ELISA reader at 405 nm for up to 1 hour (or until the highest standard reached the absorbance 2.0). The samples, standards and conjugated antibodies were diluted in 1% BSA-PBS (BSA, bovine serum albumin, Fraction V, Roche Diagnostics GmbH, Mannheim, Germany; PBS, phosphatebuffered saline pH 7.4). 1% BSA-PBS was also used for masking the possibility of non-coated sites of the wells before applying the samples. After each incubation step, the plates were washed three times with 200 µl PBS-0.05 % Tween 20. There were two exceptions: after coating the wells they were only emptied, and before adding the substrate they were washed with 3 × 400 µl. To avoid between plates variation a standard with different dilutions was used in each plate. Arbitrary concentration of 10 6 was given to the standard. Log-transformed post-injection antibody titre scores against each antigen, diphtheria and tetanus, were correlated among individual birds (r = 0.702, p Ͻ 0.0001, n = 21). To achieve a single standardized measure of the humoral immune responsiveness we combined antibody scores to a single variable using the first axis of the principal component analysis on the responses against the two antigens. All values indicate mean ± standard error. The statistics analysis was conducted using SPSS 11.0 for Windows.
RESULTS
In vaccinated males, specific antibodies against both antigens strongly increased 10-15 days after injection (paired t-test for tetanus: t 17 = 8.035, p Ͻ 0.001, for diphtheria: t 17 = 5.602, p Ͻ 0.001).
In most males, forehead patch width was decreased between the captures (mean width during first capture 8.20 mm; second capture 7.46 mm, t 34 = 5.11, p Ͻ 0.001), whereas patch height was increased (mean height during first capture 3.77 mm; second capture 4.25 mm, t 34 = -5.75, p Ͻ 0.0001). Patch height and width were not significantly correlated at first capture (r = 0.187, p = 0.275, n = 36), but there was a positive relation at second capture (r = 0.407, p = 0.014, n = 36). Moreover, change in width was not related to the original patch height and change in height was not related to the original patch width (table  1) . This suggests that although in most males the width was decreased and height increased, both dimensions of the forehead patch seem to be independent of each other in their expression within individuals.
Female removal had a significant effect on haematocrit levels (figure 1). In widowed males haematocrit levels remained high, but in control males haematocrit levels were reduced (change in haematocrit in widowed males -0.012 ± 0.010; change in haematocrit in control males -0.080 ± 0.007; ANOVA F 1,35 = 21.681, p Ͻ 0.001). Vaccination had no effect on haematocrit (change in haematocrit in vaccinated males -0.046 ± 0.010; change in haematocrit in males injected with NaCl -0.044 ± 0.016; ANOVA, F 1,35 = 0.021, p = 0.886). Control males also gained more body mass after the first capture than the (table 1 and figure  2a ). Patch height was increased more in the experimental males than in control males. Patch width was not affected by experimentally increased mating effort (table 1 and figure 2b). These results confirm that manipulation was successful and experimental males sustained higher sexual activity than control males.
Widowed males had reduced humoral immune responsiveness compared to control males (figure 1). Standardized immune response of widowed males was -0.404 ϩ 0.285 and standardized immune response of control males was 0.477 ± 0.303 (ANOVA, F 1,18 = 4.496, p = 0.048). There was no difference in time between first and second sampling between widowed males and control males (t 18 = 1.068, p = 0.300, n widowed = 10 and n control = 10). Polygyny or attempts to attract secondary females of some males in the control group may have reduced the difference in mating effort between treatments. Also, in the control group some males retained high haematocrit, suggesting prolonged activity. In general, males that sustained high haematocrit levels had lower immune response than males whose haematocrit decreased (figure 1; correlation between change in haematocrit and immune response: r = -0.495, p = 0.031, n = 19).
Experimental activation of immune defence had a significant effect on patch width, so that in vaccinated males patch width was reduced more than in control males (table 1 and figure 2b). There was also a tendency for patch height to be affected by the treatment (table 1 and figure 2a). There was no effect of activated immune defence on haematocrit or body mass. 
DISCUSSION
Increased sexual activity suppressed humoral immune response in our study, but also males with challenged immune system had reduced expression of the forehead patch width compared to males injected with NaCl. This suggests that mounting immune responses may result in reduced sexual ornamentation or display and causality behind the trade-off may work also in the opposite direction.
Mechanisms behind the trade-off between sexual advertisement and immune function are not well understood.
Proc. R. Soc. Lond. B (2004) ICH hypothesis predicts that the physiological mechanism causing the trade-off may be the effects of testosterone that may regulate both immune function and sexual advertisement (Folstad & Karter 1992) . In the pied flycatcher, male testosterone levels reach a peak during the nest building period and decrease dramatically during the egg laying period (Silverin & Wingfield 1982) . Haematocrit is sensitive to locomotory activity (Palomeque & Planas 1978) and also to hormonal status (Nirmalan & Robinson 1972; Kern et al. 1974) . In our study, experimentally widowed males sustained higher haematocrit levels than control males. Moreover, high haematocrit levels were related to lower immune response. Thus, high haematocrit levels in widowed males may reflect high testosterone levels. However, recent studies suggest that the physiological link between ornamentation and immune function may be the effects of stress hormones rather than sex hormones (Evans et al. 2000) . In zebra finches (Taenopygia guttata), experimentally increased activity of non-breeding birds was associated with reduced immune response against sheep red blood cells suggesting that increased workload itself without direct effect of sex hormones may suppress immune function (Deerenberg et al. 1997) . In red-winged blackbirds (Agelaius phoeniceus) there was no evidence of a negative effect of testosterone on immune responses against diphtheria or tetanus during mating (Westneat et al. 2003) . Instead, there was a positive relation between tetanus response and testosterone level. One possible mechanism causing reduced expression of the forehead patch in vaccinated males may be increased oxidative stress. An activated immune system generates reactive metabolites and free radicals that may increase oxidative stress. Male ornaments have been reported to be especially susceptible to oxidative stress (von Schantz et al. 1999 ).
There are two major reasons why animals may have to suppress their immune function during costly activities like sexual advertisement. Immunosuppression during mating may be a consequence of competition for limited resources (energy or nutrients) between immune function and sexual advertisement. Alternatively, but not exclusively, downregulated immune function during mating may result from increased risk of autoimmune diseases during stress . This latter explanation is more likely since, in a study on vaccination of blue tits against diphtheria and tetanus, antigens did not result in an increased basal metabolic rate .
Whatever the mechanism causing reduction in immune responsiveness, our results suggest that sexual advertisement is costly in terms of reduced immune capacity. It is likely that reduced immune capacity in widowed males has an effect on survival, and hence fitness, through impaired health and susceptibility to pathogens. In the collared flycatcher, brood size manipulation affected both immune responsiveness and intensity of Haemoproteus infections (Nordling et al. 1998) . Furthermore, Haemoproteus infections were associated with mortality. Widowed males also gained less body mass than control males, suggesting energetic or nutritional costs of prolonged sexual activities. However, reduced body mass in experimental males may not necessarily be interpreted as a trade-off, since males may adjust their body mass to the level of current activity without any long-term costs.
It has been proposed that patch height and patch width may be two different signals acting independently in the collared flycatcher (Griffith & Sheldon 2001) . There is evidence that the patch width, rather than patch area or height, is sexually selected in collared flycatchers (Sheldon & Ellegren 1999) , whereas patch height may be more important in intra-sexual contests. Manipulating patch height has been reported to increase male-male competition in the collared flycatcher (Qvarnströ m 1997). In our study, the overall changes of the two patch dimensions were that patch width generally decreased whereas patch height increased after mating. However, change in height was independent of width and vice versa, suggesting that expression of patch height and width are two different independent signals. Also, the fact that patch width seems to be greatest during mating and patch height reaches its maximum later, suggests that patch width and height may have different functions. A general reduction in width after mating is in accordance with earlier results in the collared flycatcher (Sheldon & Ellegren 1999; Andersson 2001; Griffith & Sheldon 2001) . However, in the collared flycatcher there is no change in patch height after mating. Nevertheless, our results suggest that in the pied flycatcher both patch width and height show plasticity during the breeding season. Experimental removal of females affected the patch height but not patch width, whereas activating immune function by vaccinating with novel antigen affected patch width, and there was also a tendency for patch height to be affected. Thus, our results could suggest that patch height may indicate activity or intent and patch width current health.
It has been suggested that the immunocompetence handicap hypothesis does not explain the evolution of plumage ornamentation in birds accurately. This is because testosterone may not play a very important role in mediating plumage characters, because castrated males in many species are able to produce sexually selected plumage characteristics (Owens & Short 1995) . In addition, static plumage characters lack the plasticity of their expression compared to other sex traits and thus may not serve as a reliable indicator of current health or condition. Our result that increasing mating effort affected the individual change in forehead patch height suggests that apparently inflexible ornaments can be partly under behavioural control and that this flexibility of the trait may be adaptive. Behavioural control and within-individual plasticity in the expression of sexually selected plumage characters may provide a mechanism of how plumage characters can be regulated by sex hormones in a similar way to other sexually selected traits that are considered to be under more strict hormonal control. We also showed that within-individual expression of forehead patch is sensitive to the activity of the immune system. Thus, plasticity of the expression of the forehead patch allows it to reflect health status during the breeding season several months after the moult and production of the trait.
To conclude, increased male mating effort resulted in reduced humoral immune response, indicating that sexual advertisement is costly. We also found that activating immune defence decreased expression of ornamentation in the pied flycatcher males, suggesting that male plumage ornaments are flexible in their expression and may reflect current health. Our results suggest that immunological costs associated with sexual advertisement may be important, but the physiological mechanism causing the trade-off between sexual behaviour and immune function remains to be investigated.
